ABSTRACT Embryonic carcinoma (EC) cells are malignant counterparts of embryonic stem (ES) cells and serve as useful models for investigating cellular differentiation and human embryogenesis. Though the susceptibility of murine EC cells to retroviral infection has been extensively analyzed, few studies of retrovirus infection of human EC cells have been performed. We tested the susceptibility of human EC cells to transduction by retroviral vectors derived from three different retroviral genera. We show that human EC cells efficiently express reporter genes delivered by vectors based on human immunodeficiency virus type 1 (HIV-1) and Mason-Pfizer monkey virus (M-PMV) but not Moloney murine leukemia virus (MLV). In human EC cells, MLV integration occurs normally, but no viral gene expression is observed. The block to MLV expression of MLV genomes is relieved upon cellular differentiation. The lack of gene expression is correlated with transcriptional silencing of the MLV promoter through the deposition of repressive histone marks as well as DNA methylation. Moreover, depletion of SETDB1, a histone methyltransferase, resulted in a loss of transcriptional silencing and upregulation of MLV gene expression. Finally, we provide evidence showing that the lack of MLV gene expression may be attributed in part to the lack of MLV enhancer function in human EC cells.
H
uman embryonic carcinoma (EC) cells are derived from teratocarcinomas, cancers of transformed germ cells (reviewed in reference 1). EC cells are generally considered to be malignant counterparts of embryonic stem (ES) cells and serve as useful models for investigating cell differentiation and human embryogenesis (2, 3) . EC cells offer several experimental advantages over ES cells, including easy maintenance, growth without feeder layers, and resistance to spontaneous differentiation. They express useful cell surface markers, such as stage-specific embryonic antigen-3 (SSEA-3) (4) and SSEA-4 (5) , that allow their undifferentiated state to be readily identified. Several lines of human EC cells are widely used, including NTERA2, whose global gene expression is highly similar to that of undifferentiated human ES cells (6) . Upon exposure to retinoic acid, NTERA2 cells undergo extensive differentiation in vitro to cells of neuroectodermal lineages (7, 8) , making them a useful ES cell surrogate for studying neuronal differentiation in vitro. Another commonly used cell line is the 2102Ep line, which was derived from a primary human testicular teratocarcinoma (9) . Unlike NTERA2, 2102Ep cells do not differentiate in response to retinoic acid but do undergo spontaneous differentiation at low cell densities (7, 9, 10) .
Retroviral transduction of human embryonic cells represents a powerful means of introducing genetic modifications in these cells. This is useful for promoting differentiation of embryonic cells along a specific developmental lineage (11) or correcting congenital mutations in a gene of interest (12) . However, one obstacle with the use of retroviral vectors in embryonic cells is the transcriptional silencing of various promoter elements driving transgene expression. For example, the cytomegalovirus (CMV) promoter is potently silenced in human ES cells, while the phosphoglycerate kinase (PGK) promoter shows much higher expression (13) . Why certain promoters show higher expression than others in human embryonic cells is an area of active investigation.
Much of our knowledge of ES-specific transcriptional silencing of retroviral promoters comes from studies using mouse embryonic cells. Mouse ES or EC cells are resistant to infection with Moloney murine leukemia virus (MLV) (14) (15) (16) . In mouse embryonic cells, reverse transcription and proviral integration proceed normally, but viral transcription is repressed and no viral gene products can be detected. Several mechanisms are likely involved in the transcriptional silencing, including the absence of enhancer proteins recognizing binding sites in the viral long terminal repeat (LTR) (14, 15) and recruitment of trans-acting transcriptional repressors leading to chromatin modification and de novo DNA methylation of the viral promoter (16) (17) (18) . One critical site for transcriptional silencing, termed the repressor binding site (RBS), shows extensive overlap (17 or 18 bp) with the primer binding site (PBS pro ) of MLV (19) (20) (21) , which in the context of the viral RNA genome is the site of annealing of proline tRNA used as primer for reverse transcription. The RBS by itself is sufficient to induce potent transcriptional repression of reporter constructs in mouse EC cells, irrespective of its orientation or position (22, 23) . Electrophoretic mobility shift assays (EMSAs) using RBS as the probe demonstrate the presence of stem cell-specific nuclear factors. Single-base-pair mutations in the RBS are sufficient to abolish nuclear factor binding and thereby restore viral gene expression (22, 23) . These findings have allowed the characterization of the stem cell-specific trans-acting transcriptional repressor complex, which contains TRIM28 (also known as KAP-1 or Tif1-beta), a known transcriptional corepressor (24) (25) (26) , and Krüppel associated box (KRAB) zinc finger protein 809 (ZFP809) (27) , a DNA-binding zinc finger transcription factor. The current model for PBS-mediated silencing consists of the binding of PBS pro by ZFP809 and the subsequent recruitment of TRIM28 to the provirus via the ZFP809 KRAB box domain. TRIM28 then induces the deposition of repressive histone modifications by recruiting additional chromatin modifiers such as the histone H3K9 methyltransferase SETDB1 (28), heterochromatin-associated protein 1 (HP1) (24) , and the NURD histone deacetylase complex (29) . Together, the ensuing histone and DNA methylation of the proviral DNA ensures transcriptional silencing. Epigenetic silencing of proviral DNA prevents expression of viral genes and blocks production of new virions that could otherwise disrupt genomic stability through insertional mutagenesis. Furthermore, deletion of Zfp809 (30) , Trim28 (31), or Setdb1 (32) in mouse ES cells leads to the loss of H3K9 trimethylation (H3K9me3) marks on certain families of endogenous retroviruses (ERVs), resulting in transcriptional activation of these elements.
While much is known about retroviral silencing in mouse ES cells, retroviral infection of human embryonic cells has not been extensively characterized. Long interspersed element-1 (LINE-1 or L1) retrotransposition has been shown to be rapidly and efficiently silenced following integration in various human EC cells (33) . However, the susceptibility of human EC cells to infection by exogenous retroviruses has not been examined. In the present study, we examined the susceptibility of human EC cells to infection by members of several retroviral genera. Our findings revealed that human EC cells are susceptible to transduction by retroviral vectors derived from human immunodeficiency virus type 1 (HIV-1) and Mason-Pfizer monkey virus (M-PMV), but not MLV, and that the MLV block is reversible by cellular differentiation. The block to MLV infection occurs postintegration and is associated with transcriptional silencing of the MLV promoter through the deposition of repressive histones as well as DNA methylation. Moreover, depletion of SETDB1, a histone methyltransferase responsible for the deposition of H3K9 trimethylation (H3K9me3) marks, resulted in upregulation of viral gene expression. Lastly, we present evidence showing that the lack of MLV gene expression may be attributed in part to the lack of MLV enhancer function in human EC cells. Together, our data provide insights into the susceptibility of human embryonic cells to retroviral infections and offer potential strategies to circumvent transgene silencing in human embryonic cells.
RESULTS
Characterizing retroviral transduction of human embryonic carcinoma cells. We first assessed the ability of human EC cells to express reporter genes delivered by vectors based on HIV-1, M-PMV, and MLV. These viruses were chosen to represent lenti-, beta-, and gammaretroviruses, respectively. Vesicular stomatitis virus glycoprotein G (VSV-G)-pseudotyped single-round reporter viruses expressing green fluorescent protein (GFP) (M-PMV and MLV) or mCherry (HIV-1) were produced in 293T cells and then used to infect two different human EC cell lines, i.e., NTERA2 and 2102Ep, or HeLa cells, a differentiated human cell line. Flow cytometry analysis was carried out 48 h after infection to monitor reporter gene expression and determine transduction efficiency. As expected, HeLa cells were highly permissive to all three viruses ( Fig. 1A and B) . In contrast, while HIV-1 and M-PMV transduced both human EC cell lines efficiently, the MLV virus vector transduced the lines to express GFP at very low efficiency, with approximately 50-fold fewer cells scored as GFP positive, and the GFP intensity in the positive population was very low (Fig. 1A and B) .
Our single-round reporter viruses monitor all the early events of infection, including reverse transcription, nuclear entry, integration, and LTR-driven reporter gene expression. To address whether the MLV block in human EC cells occurred pre-or postintegration, infected cell lines were passaged for 14 days in culture, followed by quantification of integrated proviral DNA using PCR primers against GFP. This length of passage of infected cells allows for the loss of all unintegrated viral DNAs and thus an accurate determination of the integrated proviral DNAs. The levels of integrated MLV proviral DNA were comparable between HeLa and human EC cells (Fig. 1C) , indicating normal viral integration and therefore suggesting a postintegration block to MLV infection.
We next addressed whether the block to MLV transduction occurs at the level of LTR-driven reporter gene expression. HeLa or human EC cell lines were transfected with plasmid DNAs encoding firefly luciferase expressed from either MLV or M-PMV LTRs, lysates were prepared after 36 h, and levels of luciferase activity were assayed. Whereas the MLV and M-PMV LTRs directed high, comparable levels of luciferase expression in HeLa cells, the MLV LTR expressed an approximately 25-to 43-fold lower level of luciferase activity than the M-PMV LTR, in both human EC cell lines (Fig. 1D) . Taken together, these results suggest that human EC cells exhibit a postintegration block to MLV infection at the level of viral gene expression.
The block to MLV infection is relieved by differentiation of human EC cells. To test if the MLV block is relieved by differentiation, NTERA2 cells, previously shown to be sensitive to retinoic acid-induced differentiation (7), were grown in the presence or absence of retinoic acid for 14 days, followed by transduction with MLV-GFP reporter viruses and flow cytometry analysis ( Fig. 2A) . Retinoic acid treatment resulted in the loss of SSEA4 staining, a marker of pluripotency. In the SSEA4-negative cells, a 20-fold increase in GFP-positive (GFP ϩ ) cells was observed, indicative of increased permissiveness to MLV infection (Fig. 2B) .
The above finding raised the possibility that NTERA2 cells infected in a nonpermissive state would become permissive upon differentiation of infected cells. To test this, NTERA2 cells were infected with MLV-GFP for 24 h and then cultured for various times with or without retinoic acid. The cells were examined on days 5 and 14 by flow cytometry to monitor SSEA4 and GFP expression ( postdifferentiation, complete loss of SSEA4 staining was accompanied by a 12-fold increase in GFP ϩ cells, indicating the completion of differentiation and enhanced MLV gene expression (Fig. 2D ). These results suggest that the block to MLV gene expression can be reversed either by infection of differentiated NTERA2 cells or by differentiation of infected NTERA2 cells soon after infection.
MLV silencing in human EC cells is associated with deposition of repressive chromatin marks and DNA methylation of the viral promoter. We next asked whether MLV silencing in human EC cells is associated with the deposition of repressive histone marks on the proviral DNA. Chromatin immunoprecipitation (ChIP) experiments were conducted on chromatin isolated from infected NTERA2 cells using antibodies that recognize repressive histone marks (H3K9me3 and H3K27me3) or active histone marks (H3Ac) (Fig. 3A) . The specificity of these antibodies for ChIP was confirmed using primers specific for promoter regions of genes encoding beta-globin (positive control for H3K9me3), myelin transcriptional factor 1 (MYT-1; positive control for H3K27me3), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; positive control for H3Ac). In MLV-infected NTERA2 cells, the LTR region of the proviral DNA showed high levels of repressive H3K9me3 and H3K27me3 marks and low levels of active H3Ac mark (Fig. 3A) , consistent with the very low MLV gene expression in these cells. Importantly, retinoic acid-induced differentiation of NTERA2 cells resulted in a marked decrease in H3K9me3 and H3K27me3 marks and an increase in H3Ac marks, correlating with the markedly increased gene expression upon differentiation ( Fig. 2B and D) . Similar patterns of chromatin modifications on the MLV LTR were seen in another human EC cell line, 2102Ep (Fig. 3B) , as well as F9 mouse EC cells (Fig. 3C) . These results suggest that in both human and mouse EC cells, multiple histone methyltransferases are active in the deposition of these repressive marks. In contrast, proviral DNA from MLV-infected HeLa cells showed an abundance of the H3Ac marks but lacked both H3K9me3 and H3K27me3 marks (Fig. 3D) , consistent with the high MLV gene expression in these cells. As an additional control, ChIP analysis of 2102Ep cells infected with M-PMV, which showed high gene expression in these cells (Fig. 1A and D) , revealed an abundance of the active H3Ac marks and much lower levels of repressive H3K9me3 and H3K27me3 marks on the proviral DNA (Fig. 3E) .
To assess whether repressive histone marks were accompanied by DNA methylation of the proviral DNA, the various cell lines were infected and passaged for 14 days in culture, followed by DNA methylation analysis of the proviral DNA using bisulfite sequencing. Using primers targeting the MLV 5= LTR PBS region, we observed extensive CpG methylation (80 to 90%) in both human EC and F9 cells, while little to no DNA methylation was observed in HeLa cells ( Fig. 4A and B) . This finding correlates with the degree of retroviral gene expression in these cells and suggests the possible involvement of de novo DNA methylation in mediating MLV silencing.
Depletion of SETDB1 but not TRIM28 relieves MLV transcriptional repression in human EC cells. Trimethylation of histone H3 is associated with gene silencing and mediated by histone lysine methyltransferase SETDB1, which is recruited to target DNA via its interaction with TRIM28 (28) . Given the abundance of H3K9me3 marks on the proviral DNA in human EC cells, we next determined whether TRIM28 and/or SETDB1 plays a role in transcriptional repression of MLV. 2102Ep or F9 cells were stably depleted of endogenous TRIM28 or SETDB1 expression using RNA interference (RNAi) (Fig. 5C ), transduced by MLV-GFP, and analyzed by flow cytometry analysis 2 days later ( Fig. 5A  and B) . Depletion of SETDB1 in 2102Ep cells resulted in a 6-to 10-fold increase in the number of GFP ϩ cells compared to that of the scrambled short hairpin RNA (shRNA) control ( Fig. 5A and B) . Surprisingly, in contrast, depletion of TRIM28 in 2102Ep cells had no effect. Depletion of either TRIM28 or SETDB1 in F9 cells resulted in a robust increase in the efficiency of MLV transduction, in accordance with previous reports (25, 31, 32) .
We next examined the effect of SETDB1 knockdown on H3K9me3 of the viral promoter. As expected, ChIP experiments conducted on chromatin isolated from SETDB1 knockdown cells showed a decrease in repressive H3K9me3 marks compared to those in the scrambled shRNA control (Fig. 5D) , consistent with the increase in MLV gene expression observed in these cells (Fig. 5A) . Surprisingly, for reasons unclear, we did not see an increase in H3Ac marks in SETDB1-depleted cells (Fig. 5E ). Nevertheless, these data indicate that SETDB1, but not TRIM28, is required for the silencing of MLV in human embryonic cells. MLV gene expression in human EC cells is rescued by strong transcriptional enhancer sequences derived from M-PMV. One explanation for the poor transduction of EC cells by MLV vectors would be the presence of a repressive trans-acting factor(s) in human EC cells that targets negative DNA sequences in the MLV promoter. In this case, the deletion of negative DNA sequences from the MLV LTR could restore gene expression. To test this possibility, luciferase reporter constructs containing either 5= or 3= deletions of the MLV promoter were introduced into HeLa or 2102Ep cells by transfection. After 36 h, cells were harvested and lysates were analyzed for luciferase activity. The wild-type MLV LTR luciferase construct showed a 60-fold reduction in luciferase activity in 2102Ep cells compared to that in HeLa cells (Fig. 6A) . None of the various truncation mutants of the MLV LTR exhibited significantly higher MLV gene expression (Fig. 6A) , suggesting the absence of obvious negative repressor binding sites responsible for MLV silencing in human EC cells.
An alternative explanation for the low MLV gene expression in human EC cells is the lack of transcriptional activators capable of recognizing MLV enhancer sequences. Others have shown that replacement of the MLV enhancer sequence with DNA fragments from the polyomavirus enhancer resulted in enhanced MLV expression in F9 mouse embryonic cells (14) . Using a similar approach, we asked whether LTR sequences derived from M-PMV, which show high gene expression in human EC cells, could rescue the low MLV gene expression. A chimeric LTR luciferase construct was generated by replacing the MLV enhancer sequence with a DNA fragment derived from the U3 region of the M-PMV LTR (position Ϫ240 to Ϫ36). This manipulation restored high levels of gene expression to the modified MLV LTR in 2102Ep cells (Fig. 6B) . We further confirmed the above observations in another human EC cell line, NTERA2 cells (Fig. 6C) . As with undifferentiated 2102Ep cells, the MLV LTR luciferase construct in undifferentiated NTERA2 cells also showed an ϳ10-fold reduction in luciferase activity compared to that of M-PMV LTR luciferase. Differentiation of NTERA2 cells with retinoic acid caused a marked increase in MLV LTR activity. Importantly, as seen in 2102Ep cells, the very low MLV LTR activity could be rescued by replacing the MLV enhancer with a DNA fragment derived from the M-PMV U3 region (Fig. 6C) .
To define the minimal M-PMV DNA sequence required to restore activity to the MLV LTR, we carried out 5= and 3= LTR truncation analysis of the M-PMV U3 DNA. The ability of M-PMV U3 DNA to transactivate the MLV LTR was significantly reduced upon removal of a 90-bp fragment from position Ϫ120 to Ϫ36 (Fig. 6B) . Examination of this 90-bp fragment revealed two putative DNA binding sites for transcription factor E2F. Deletion of just these two E2F binding sites significantly reduced the ability of the M-PMV U3 DNA to transactivate the MLV LTR (Fig. 6B) . Together, these results show that replacement of the MLV enhancer with a DNA enhancer containing E2F binding sites effectively rescues MLV LTR activity and suggest that the low MLV gene expression in human EC cells may be due at least in part to deficiency in a specific transactivator function recognizing the E2F binding site.
DISCUSSION
Retroviral transduction of human embryonic cells is a powerful means of introducing genetic changes in these cells. This technology can help expand our basic understanding of stem cell biology and can be utilized for gene therapy. In this study, we characterized the susceptibility of human EC cells to transduction by retroviruses from different families. In human EC cells, the lentivirus HIV-1 and betaretrovirus M-PMV can successfully integrate viral DNA and induce robust gene expression (Fig. 1A) . In contrast, the gammaretrovirus MLV is also able to successfully integrate its viral DNA but is unable to express genes driven by the promoter sequences of the LTR (Fig. 1A  to C) . The lack of MLV gene expression was recapitulated upon transfection of human EC cells with plasmid DNA reporter constructs driven by the MLV LTR (Fig. 1D) .
The restriction of retroviral genomes in mouse ES cells has been suggested to have been selected during evolution as a host defense mechanism against de novo infection by exogenous retroviruses as well as against activation of endogenous retroelements (34-36; for reviews, see references 37 and 38). Transcriptional silencing of MLV in mouse embryonic cells is mediated in part by the binding of stem cell-specific transcription factor ZFP809 (27) to the PBS sequence of integrated proviral DNA, leading to the downstream recruitment of transcriptional corepressor complexes containing TRIM28 (25, 31) , SETDB1 (32), HP1 (24) , and EBP1 (39) to induce gene silencing via the deposition of repressive histone marks such as H3K9me3 on the proviral DNA. A parallel pathway of silencing is mediated by YY1 binding to proviral DNA and also initiating histone modification and DNA methylation (40) . Deletion of either TRIM28 (25, 31) or SETDB1 (32) in mouse ES cells resulted in a loss of H3K9me3 marks and upregulation of gene expression from both exogenous MLV and endogenous retroelements. In human embryonic cells, we also observed the association of the repressive histone modifications H3K9me3 and H3K27me3 with the MLV DNA, suggesting the involve- was calculated by dividing the firefly luciferase signal by the Renilla luciferase signal, and the resulting ratio was then normalized to the signal obtained from the same cell transfected with the M-PMV LTR luciferase construct (set to 1). Results shown are means Ϯ SEMs from at least three independent experiments. NCR, negative-control region in MLV LTR; DR, direct repeat in MLV LTR (i.e., MLV transcriptional enhancer). Student's t test was used for statistical analysis. **, P Ͻ 0.01; *, P Ͻ 0.05 (compared to either 2102Ep or HeLa cells transfected with M-PMV LTR luciferase). (B) Assay similar to that outlined in for panel A but using chimeric LTR reporter constructs in which DNA sequences spanning the DR region of the MLV LTR were replaced with sequences from the U3 region of the M-PMV LTR. Student's t test was used for statistical analysis. **, P Ͻ 0.01; *, P Ͻ 0.05 (compared to either 2102Ep or HeLa cells transfected with M-PMV LTR luciferase). (C) Functional analysis of MLV LTR sequences using mutant LTR reporter constructs. Undifferentiated or retinoic acid (RA)-induced differentiated NTERA2 cells were cotransfected with LTR firefly luciferase reporter constructs and a Renilla luciferase control plasmid for 36 h. Relative luciferase expression was calculated as outlined above. Results shown are means Ϯ SDs from two independent experiments. DR, direct repeat in MLV LTR (i.e., MLV transcriptional enhancer). ment of at least two independent histone lysine methyltransferases in MLV silencing (Fig. 3) . As seen in mouse ES cells, depletion of SETDB1, an enzyme involved in the deposition of H3K9me3 marks, led to a 6-to 10-fold increase in MLV gene expression in human 2102Ep cells (Fig. 5A and B) . This observation correlates with a 3-fold reduction in H3K9me3 marks on the proviral DNA (Fig. 5D) . Unlike the situation in mouse ES cells, however, TRIM28 depletion had no apparent effect on viral gene expression in the human cells (Fig. 5A and B) . Human embryonic cells seem to lack PBS-mediated silencing, because deletion of the PBS sequence from the MLV LTR failed to upregulate MLV gene expression in human cells (Fig. 6A) . Furthermore, there is no strict ZFP809 ortholog in human cells (27) . It is nevertheless surprising that TRIM28 depletion had so little impact on MLV expression.
TRIM28 is clearly functional and plays an important regulatory role in human ES cells. TRIM28 has been recently implicated in the silencing of human endogenous retroviruses (HERVs) and retroelement DNAs in human ES cells (35) . ChIP sequencing (ChIP-seq) analysis demonstrated the binding of TRIM28 to multiple classes of retroelements, including hominoid-restricted SINE-VNTR-Alu (SVAs), long interspersed elements (LINEs or L1s), and Alu repeats. Moreover, a fraction of TRIM28-bound endogenous retroelements also showed SETDB1 occupancy and the presence of H3K9me3 repressive marks. Importantly, depletion of TRIM28 in human ES cells resulted in the loss of H3K9me3 marks and the gain of H3K4me1 enhancer marks at some of the loci, indicating the importance of TRIM28 in maintaining silencing of these retroelements in human ES cells. These observations show that at least a subset of the players involved in the epigenetic suppression of endogenous retroelement expression are also utilized to protect human embryonic cells from de novo infection by exogenous retroviruses.
Although our studies did not reveal a significant role for TRIM28, we did observe large effects of the knockdown of SETDB1. It is not clear how SETDB1 is recruited to the MLV DNA in the absence of TRIM28. One possibility is that unidentified transcriptional corepressors might target SETDB1 to specific sequences in the MLV LTR. We tested this hypothesis using LTR truncation mutants in an attempt to identify novel repressive DNA sequences in the MLV LTR that might be recognized by human embryonic cell-specific ZFPs, but we failed to identify obvious repressive DNA sequences in the viral LTR (Fig. 6A) . Instead, complete rescue of MLV gene expression was attained by replacing the MLV enhancer DNA with DNA sequences derived from the M-PMV LTR, which showed high levels of expression in two human embryonic cell lines, 2102Ep (Fig. 6B) and NTERA2 (Fig. 6C) . This observation supports the notion that the block to MLV gene expression is due in part to the absence of a positive factor. In the case of the M-PMV LTR, most of the enhancer activity is contained within two E2F DNA binding sites, and deletions of these sites greatly reduced the ability of M-PMV LTR DNA to activate MLV gene expression (Fig. 6B) . Based on these observations, we postulate that the inactivity of MLV LTR in human embryonic cells may be due in large part to the absence of a compatible transcriptional activator binding to the viral promoter.
How are repressive histone marks and ultimately DNA methylation induced on MLV DNA in the absence of obvious negative DNA elements? One notion is that in human embryonic cells, repressive histone marks as well as DNA methylation may be imposed on incoming viral promoters with poor transcriptional enhancer activity by default, perhaps soon after introduction of the viral DNA into the cell. Such "default" silencing is apparently overcome by viral LTRs containing strong, compatible DNA enhancer elements such as those in the M-PMV LTR (Fig. 6B) . Since MLV silencing is associated with the deposition of repressive H3K9 and H3K27 trimethylation marks (Fig. 3B) , we attempted to test the ability of M-PMV enhancers to decrease the repressive chromatin marks on MLV DNA in human EC cells infected with chimeric LTR viruses. During retroviral reverse transcription, DNA copies of the 5= LTR are derived from sequences from the 3= end of the viral RNA. Chimeric LTR viruses were generated by replacing the U3 region of the MLV 3= LTR with M-PMV DNA sequences. This manipulation ensures that M-PMV DNA is present in both copies of the viral LTR upon integration. Chimeric LTR viruses were produced in 293T cells and used to infect human EC cells. Unfortu-nately, we found the titers of the chimeric LTR viruses to be 20-to 100-fold lower than those of wild-type MLV, making this approach impossible.
The refractory nature of undifferentiated human EC cells to MLV transduction raised the question of whether these cells become permissive to MLV transduction upon differentiation. Differentiation of NTERA2 cells before MLV infection indeed resulted in efficient MLV expression (Fig. 2B) , much as is seen in mouse EC cells (41) . Moreover, the initiation of differentiation of NTERA2 cells shortly (1 day) following infection also resulted in good MLV expression (Fig. 2D) . The requirement for cellular differentiation to achieve efficient MLV gene expression is similar to the behavior seen with reversal of silencing of L1 retrotransposons in differentiated human EC cells (33) . Future studies may lead to identification of the missing transcriptional activator(s) in human embryonic cells that appears upon differentiation.
In closing, we note that some human embryonic cells may exhibit other blocks to retroviral infection besides the silencing of retroviral transcription. For example, preliminary experiments using another human EC cell line, 833KE cells (42) , showed a significant block at very early stages of infection, before viral DNA synthesis (data now shown). These results highlight the fact that human EC cell lines are not all alike and likely represent different stages of arrested development.
MATERIALS AND METHODS
Cell lines, transfections, and antibodies. Cell lines, including human embryonic kidney 293T (HEK-293T; CRL-1573), HeLa (CCL-2), and F9 embryonic carcinoma (CRL-1720) cells were purchased from the American Type Culture Collection. Human EC cell lines, including NTera2D1, 2102Ep, and 833KE cells, were a gift from John Moran (University of Michigan Medical School). All cells were cultured in Dulbecco's modified Eagle's Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 1,000 U/ml penicillin, and 100 mg/ml streptomycin. All cells were maintained in a 37°C incubator with 5% CO 2 . Transient-transfection studies in HeLa and HEK-293T cells were carried out using polyethylenimine (PEI), and human EC cell line transfections were carried out using Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions. Antibodies used in this study include Alexa Fluor 647-conjugated anti-human/mouse SSEA4 (BioLegend), anti-trimethyl-histone H3 (Lys9) (07-442; Millipore), anti-trimethyl-histone H3 (Lys27) (07-449; Millipore), anti-acetyl-histone H3 (06-599; Millipore), anti-TRIM28 (clone 20C1; Abcam), and rabbit IgG antibody (sc-2027; Santa Cruz).
Plasmids. pCMV-intron expresses gag and pol from NB-tropic MLV (43) . pMD.G expresses the vesicular stomatitis virus (VSV) envelope glycoprotein. pNCA-GFP is a replication-defective single-round MLV vector described previously (44) . pSARM-EGFP is a replication-defective single-round M-PMV vector in which the env gene has been replaced with enhanced GFP (EGFP) as described previously (45) . pNL4.3-mCherry is a replication-defective single-round HIV-1 vector described previously (46) . Various LTR luciferase reporter constructs were constructed by PCR amplification of the desired LTR sequences, followed by ligation cloning into the NheI-XhoI restriction sites of pGL3-Basic vector (Promega). Cloning primers are available upon request. All constructs were verified by DNA sequencing. shRNA containing pLKO.1 lentiviral vectors was purchased from Thermo Scientific (Pittsburg, PA).
Retroviral transduction assay and flow cytometry analysis. NB-tropic MLV-GFP reporter viruses were produced by 293T cell transfection with 8 g of pNCA-GFP, 4 g of pCMV-intron, and 4 g of pMD.G DNAs using PEI. M-PMV-GFP reporter viruses were produced by transfection of 293T cells with 8 g of pSARM-EGFP and 8 g of pMD.G. HIV-1-mCherry reporter viruses were produced by transfection of 293T cells with 8 g of pNL4.3-mCherry and 8 g of pMD.G. All reporter viruses were harvested 48 h later, filtered (0.45-m pore size), and used directly for transduction assays described previously (47) . Forty-eight hours postinfection, cells were trypsinized, diluted using flow cytometry buffer (phosphatebuffered saline with 1% bovine serum albumin [BSA]), and subjected to flow cytometry using an automated cell analyzer (LSRII; BD Bioscience). For experiments involving staining with cell surface marker SSEA4, cells were detached using nonenzymatic cell dissociation solution (Sigma), stained on ice for 30 min with fluorescently labeled antibodies, washed twice, and analyzed as described above.
Chromatin immunoprecipitation. A total of 5 ϫ 10 6 cells were cross-linked with 1% formaldehyde at room temperature for 10 min, followed by quenching with 0.125 M glycine for 5 min. Cells were lysed in 0. A (37°C, 1 h) and proteinase K (37°C, 2 h), and purified using the QIAquick PCR purification kit according to the manufacturer's instructions (Qiagen). Quantitative real-time PCRs were performed with specific primers, and the relative enrichment for each antibody was calculated by determining the bound/input value using the 2 ϪΔΔCT method (48) and multiplying that value by 100. Specific primers were as follows: MLV-LTR (forward [F], 5=-AGG GTC TCC TCT GAG TGA TTG ACT-3=; reverse [R], 5=-TCG GAC AGA CAC AGA TAA GTT GCT-3=), GAPDH (F, 5=-CAA TTC CCC ATC TCA GTC GT-3=; R, 5=-TAG TAG CCG GGC CCT ACT TT-3=), MYT1 (F, 5=-AGG CAC CTT CTG TTG GCC GA-3=; R, 5=-AGG CAG CTG CCT CCC GTA CA-3=), ␤-globin (F, 5=-CAG AGC CAT CTA TTG CTT AC-3=; R, 5=-GCC TCA CCA CCA ACT TCA TC-3=), Mito. gene (F, 5=-AGA CAC CTG CTG CCC TAT GT-3=; R, 5=-GCT CCA TCC CAG TGC TTT AC-3=), BMP2 (F, 5=-CCG ATC ACC TCT CTT CCT CA-3=; R, 5=-CTG GGC TTC TGT TGC TTT TC-3=), and M-PMV-LTR (F, 5=-TCC TGG TTC TTC TCC GTC TTA-3=; R, 5=-CTC AGT AGC AGA GCA AGG AAA G-3=).
Bisulfite sequencing. After infection, genomic DNA was extracted from a pool of infected cells (DNeasy blood and tissue kit; Qiagen), followed by bisulfite treatment (EZ DNA Methylation-Lightning kit; Zymo Research) and nested PCR to amplify the previously characterized CpG islands within the MLV LTR by using primers described previously (40) . Following PCR amplification, the products were gel purified, ligated into the pJET1.2 vector (Life Technologies), and used to transform bacteria, and individual bacterial colonies were picked. DNAs from these colonies were sequenced using primer (5=-CGACTCACTATAGGGAGAGCGGC-3=) to determine the extent of DNA methylation. Sequence results were analyzed using QUMA (http://quma .cdb.riken.jp/). Each DNA sequence shown was derived from a single bacterial colony.
Generation of stable shRNA knockdown cell lines. RNAi knockdown in mouse and human EC cells was performed using shRNA containing pLKO.1 lentiviral vectors purchased from Thermo Scientific (Pittsburg, PA). Briefly, VSV-G-pseudotyped shRNA lentiviral particles were generated by cotransfection of HEK-293T cells using PEI with pLKO.1-shRNA, p8.91 (encoding HIV gag-pol), and pMD.G (encoding VSV-G) plasmid DNAs at a 2:1:1 ratio of plasmids. Viral preparations were harvested 48 h posttransfection, filtered through a 0.45-m-pore-size filter (Pall Acrodisc), and used to infect EC cells for 6 h. Infected cells were then allowed to recover in fresh medium for 36 h, after which puromycin (2 g/ml) was added to select for stable knockdown clones.
Dual luciferase assays. HeLa and human EC cells were seeded at 100,000 cells per well in a 12-well plate the day before transfection. The next day, cells in each well were transfected with 900 ng of various LTR firefly luciferase constructs together with 100 ng of HSV-TK Renilla luciferase control plasmid using Lipofectamine 2000 (Life Technologies) at a 1:4 ratio. Thirty-six hours later, cells were lysed in 200 l of 1ϫ passive lysis buffer (Promega), followed by quantification of luciferase activity using a POLARstar Omega multimode plate reader (BMG Labtech) according to the manufacturer's instructions. The relative luciferase expression was calculated by first dividing the firefly luciferase signal by the Renilla luciferase signal in a given cell, and the resulting ratio was then normalized to the ratio obtained from the same cells transfected with M-PMV LTR luciferase (set to 1).
Quantitative real-time PCR analysis of integrated proviral DNA. Two weeks following infection, cells were washed with phosphate-buffered saline, and total DNA was isolated using a Qiagen DNeasy kit according to the manufacturer's instructions. For analysis of integrated proviral DNA copies, 100 ng of genomic DNA was combined with GFP-specific TaqMan primer/probe sets described previously (47) . PCRs were performed in 96-well plates using the 7900 fast real-time PCR system (Applied Biosystems) with the following reaction conditions: 10 min at 95°C, followed by 40 cycles of 30 s at 95°C, and 1 min at 60°C. For all reactions, relative expression was quantified using the 2 ϪΔΔCT method (48) normalized to the human Tert housekeeping gene.
